Currently, the stage of embryo development has been proposed as one of many criteria for identifying healthy embryos in infertility clinics with the fastest embryos being highlighted as the healthiest. However the validity of this as an accurate criterion with respect to genomic imprinting is unknown. Given that embryo development in culture generally requires an extra day compared to in vivo development, we hypothesized that loss of imprinting correlates with slower rates of embryonic development. To evaluate this, embryos were recovered at the 2-cell stage, separated into four groups based on morphological stage at two predetermined time points, and cultured to blastocysts. We examined cell number, embryo volume, embryo sex, imprinted Snrpn and H19 methylation, imprinted Snrpn, H19, and Cdkn1c expression, and expression of genes involved in embryo metabolism-Atp1a1, Slc2a1, and Mapk14-all within the same individual embryo. Contrary to our hypothesis, we observed that faster developing embryos exhibited greater cell numbers and embryo volumes as well as greater perturbations in genomic imprinting and metabolic marker expression. Embryos with slower rates of preimplantation development were most similar to in vivo derived embryos, displaying similar cell numbers, embryo volumes, Snrpn and H19 imprinted methylation, H19 imprinted expression, and Atp1a1 and Slc2a1 expression. We conclude that faster development rates in vitro are correlated with loss of genomic imprinting and aberrant metabolic marker expression. Importantly, we identified a subset of in vitro cultured embryos that, according to the parameters evaluated, are very similar to in vivo derived embryos and thus are likely most suitable for embryo transfer.
INTRODUCTION
One of the first observations of the deleterious effects of embryo culture is the 18-to 24-h lag in the development of mouse embryos in vitro in reaching the blastocyst stage [1, 2] . Since then, while culture conditions for preimplantation embryos have steadily improved, even the best media currently available are suboptimal for embryo development [3, 4] . Cultured embryos from all mammalian species have reduced viability and reduced pregnancy rates following embryo transfer, display aberrant patterns and levels of gene expression, developmental abnormalities, and deviations in behavior, and are prone to metabolic and growth disorders [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Preimplantation embryos survive in vitro culture by adapting to the culture environment and stresses imposed by this environment [15] .
Our group and others have demonstrated that preimplantation embryo culture disrupts genomic imprinting [5, 9, 16, 17] . Genomic imprinting is an epigenetic phenomenon where expression is dictated by parental origin. The allele from one parent is expressed while the other parental allele is silenced. This occurs though DNA methylation, where a methyl group is covalently linked to cytosines within CpG dinucleotides, as well as other epigenetic modifications [18, 19] . Imprinted methylation is acquired differentially during gametogenesis and is maintained during preimplantation embryo development when the maternal and paternal genomes are globally demethylated. These critical stages of imprint regulation coincide with the use of assisted reproduction technologies (ARTs), with preimplantation maintenance of genomic imprinting susceptible to disruption. In vitro culture of mouse preimplantation embryos results in loss of imprinted gene regulation with biallelic expression of the H19 gene and loss of H19, Snrpn, and Peg3 imprinted methylation [5, 9, 16, 17] . Our recent comparison of six embryo culture media showed that while all are suboptimal in their ability to maintain imprinting, some media systems perform better while others were decidedly worse, such as Whitten medium, human tubal fluid medium, and growth media G1.5 and G2.5 [17] .
In humans, while the absolute risks remain low, ARTs have been linked to imprinting perturbations that lead to the development of Angelman syndrome (AS) and BeckwithWiedemann syndrome (BWS) [20] [21] [22] [23] [24] [25] [26] [27] [28] . AS is a neurological disorder that is caused by loss-of-function of maternally transcribed genes within the 15q11-13 imprinting domain. In AS patients conceived by assisted reproduction, imprinting defects at the maternal small nuclear ribonucleoprotein N (SNRPN) imprinting control region (ICR) result in loss of maternal-specific SNRPN methylation, and the entire maternal imprinted domain acquires a paternal epigenetic identity [20, 24, 27, 28] .
BWS is an overgrowth disorder whose etiology has been linked to two specific imprinted domains at 11p15.5: H19 and KCNQ1OT1. Assisted reproduction is associated with perturbations in genomic imprinting at these imprinted domains. Imprinting defects at the maternal H19 ICR (2%-7% of patients) result in a gain of maternal-specific H19 methylation and overexpression of the paternally-transcribed insulin-like growth factor 2 gene, while imprinting defects at the KCNQ1OT1 (KCNQ1 overlapping transcript 1) ICR (50% of patients) result in loss of maternal-specific methylation at the KCNQ1OT1 ICR and biallelic repression of maternally expressed genes across the imprinting domain, including cyclin-dependent kinase inhibitor 1 (CDKN1C) [21, 22, 25, 26] . Importantly, these imprinted domains are regulated by similar molecular mechanisms in humans and mice.
It is clear that the earliest stages of embryonic development are among the most critical for embryo viability and growth. Imprinting marks acquired during gametogenesis must be maintained during the preimplantation epigenetic reprogramming period. However, very little is known about the mechanisms that maintain genomic imprinting in the preimplantation embryo and how dysregulation of genomic imprinting during this period may lead to aberrant embryonic growth and development. In the mouse, cell divisions from the 2-cell to blastocyst stage occur approximately every 10-18 h in vivo, with development from fertilization to blastocyst stage spanning approximately 3.5 days [1] . In contrast, embryos cultured in vitro to the blastocyst stage generally require an extra day of development. This has led us to hypothesize that loss of imprinting during early mouse development in culture will correlate with slower rates of embryonic development. To test our hypothesis, we separated embryos based on rates of development and examined cell number, embryo volume, and embryo sex, together with imprinted methylation and expression at two key loci, H19 and Snrpn, that are involved in the development of imprinting disorders observed in the ART population. Expression of a gene in the Kcnq1ot1 domain, Cdkn1c, was also examined. Given the variable response of individual embryos to in vitro culture, these analyses were performed in the same individual embryo. As slower rates of development may be linked with metabolic changes, we evaluated the expression of three markers of embryonic metabolism: the alpha subunit of the Na þ /K þ ATPase (Atp1a1), which is critical for blastocoel formation [29] , solute carrier 2a1 (Slc2a1/Glut1), a glucose transporter expressed throughout preimplantation development [30, 31] , and mitogen-activated protein kinase 14 (Mapk14/p38 alpha), which is a signaling molecule involved in embryo response to suboptimal environments [32] [33] [34] and in trophoblast differentiation [35, 36] .
MATERIALS AND METHODS

Embryo Collection
Embryos were obtained from naturally mated C57BL6 (CAST7partial6) (B6[CAST7p6]) females crossed with C57BL6 (B6) males (Charles River Laboratories). These mice contain two Mus musculus castaneus chromosome 7 on a B6 background [17, 37] . Polymorphisms between B6(CAST7p6) and C57BL/6 (B6) mice allow for subsequent identification of maternal and paternal alleles. In this study, natural matings were employed as we previously determined that superovulation results in imprinting perturbations [37] . Briefly, B6(CAST7p6) females were checked for estrus and mated with B6 males. Pregnancy was determined (vaginal plug) the morning following mating (0.5 days postcoitum [dpc] ). The time of ovulation was considered the midpoint of the light:dark cycle at 100 h. Embryos were flushed from isolated oviducts at 1.5 dpc to recover 2-cell embryos. To match control and cultured embryos, we turned to the early work by Anne McLaren who obtained in vivo derived embryos in the absence of superovulation and compared them to embryos cultured from the 2-cell to blastocyst stage, as performed here. Her group recovered 32-cell embryos at 82-83 h after ovulation for in vivo derived embryos and 94-113 h after ovulation for embryos cultured from the 2-cell stage [1, 38] . Note that at these times, embryos were morphologically at the morula and blastocyst stages [38] . When only blastocysts were analyzed, mean cell counts of 32 cells was obtained by 80 h after ovulation. We collected cultured blastocysts at 107-108 h after ovulation and in vivo derived blastocysts at 80 h after ovulation (Day 3.3). In vivo controls recovered at 83-84 h were hatched or implanted. Experiments were performed in compliance with guidelines set by the Canadian Council for Animal Care, and the policies and procedures were approved by the University of Western Ontario Council on Animal Care.
Embryo Culture
Embryos were flushed at the 2-cell stage, washed twice, and cultured in Whitten medium (made in-house) [39] at a density of 1 embryo/ll of medium in either 10, 15, or 20 ll drops with filter-sterilized mineral oil overlay (Sigma). Embryos were cultured in 378C and 5% CO 2 in air for 3 days to the blastocyst stage, and were then separated into four groups during the culture period. Culture drops were prepared prior to 900 h on the morning of separation and allowed to equilibrate. The first separation was performed between 1400 and 1600 h on Day 1 of culture (Fig. 1A) . Embryos in the fast group contained !8 cells and were transferred to new culture drops, while embryos in the slow group contained ,8 cells and were transferred to separate culture drops. On Day 2 of culture, embryos were again separated between 1400 and 1600 h. Embryos in the fast/fast (FF) group had begun cavitation, while those in the fast/slow (FS) group had not. Embryos in the slow/fast (SF) group had reached the compacted morula stage, while those in the slow/slow (SS) group had not yet compacted. All the embryo groups were transferred to new preequilibrated culture drops. At noon on Day 3 of culture, embryos were subjected to image analysis and then placed in individual tubes in approximately 1 ll culture medium, snap frozen on dry ice, and stored at À808C. Embryo culture was performed 12 times, and embryos were analyzed from greater than 24 litters.
Imaging and Cell Counting
On Day 3 of embryo culture prior to freezing, embryos were transferred to culture drops containing Hoechst 33342. This dye was chosen because it binds in the minor groove of DNA and does not intercalate between the base pairs. Prior to experimental analysis, we determined that Hoechst 33342 staining had no effect on downstream methylation analyses of embryonic DNA (data not shown). Embryos were incubated in Hoechst 33342 for 7-10 min and transferred to fresh drops of Whitten medium for imaging. Images were obtained using Fluoview 1000 laser scanning confocal microscope (Olympus Corp.), using the 203 objective (Olympus superapochromat 0.75), with a band pass of 425-475 nm for Hoechst. Z-stacks were taken for each embryo with a distance of 4 lm between each slice. Bright field images were also taken of each embryo to facilitate downstream cell counting. Cell counting was performed in duplicate from the top and from the bottom of each Z-stack using Fluoview V10-ASW 2.1 software. Embryo volume was calculated from two measurements of embryo length (lm) taken in perpendicular planes using the Image Pro Analyzer 6.2. software. These lengths were averaged and then divided by 2 to generate an average radius for each embryo. The volume of a sphere was used to calculate embryo volumes.
Analysis of Imprinted Methylation and Expression
Bisulfite mutagenesis and imprinted expression analysis was performed as described previously [17, 37] with modifications to allow the concurrent analysis of imprinted methylation and expression (Fig. 1B) . Briefly, individually stored embryos were quickly thawed on ice, and 10 ll of Dynabead lysis buffer (Invitrogen) was added to each tube. The lysate was transferred to a new tube with preequilibrated oligo-dT Dynabeads (Invitrogen). RNA-oligo-dT hybridization was conducted for 5 min at room temperature with shaking. Samples were then placed in the magnet, and the supernatant containing DNA was transferred back to the original tube for bisulfite mutagenesis as previously described [37] . Messenger RNA-Dynabead complexes were processed, and a cDNA library was generated as previously described [17] . Analysis of imprinted expression of H19 and Snrpn was performed using the LightCycler Real Time PCR system (Roche Molecular Biochemicals) as previously described [17] .
Following bisulfite mutagenesis, nested PCR, cloning, and sequencing was performed for H19 and Snrpn ICR as previously described [17] . Forty to 50 clones per embryo were sequenced. Each sequence was analyzed for location and the number of converted and unconverted non-CpG-associated cytosines to obtain conversion rates (number of converted non-CpG cytosines/total number of non-CpG cytosines) as well as total number and location of CpG-associated MARKET VELKER ET AL.
FIG. 1. A)
Graphical representation of the embryo separation scheme. At the first separation, embryos were divided into fast and slow groups based on whether they reached the 8-cell stage or not. At the second separation, the original fast group was split into fast/fast (FF) and fast/slow (FS) groups based on whether they had a cavity or not, and the original slow group was divided into slow/fast (SF) and slow/slow (SS) based on whether they were compacted or not. B) Individual blastocyst assay for multiple data sets. Top left: merge of bright field and Hoechst 33342 staining used to count cell numbers. Top right: Sry expression analysis used for embryo sex determination. L, ladder; F, female control; M, male control; Bl, blastocyst; -ve, negative control. Bottom left: paternal H19 methylation analysis. Filled circles, methylated CpG dinucleotides; unfilled circles, unmethylated CpGs. Each row represents one DNA strand. Bottom right: LightCycler H19 imprinted expression analysis that allows for quantitation of allelic expression. Blastocyst FS23 had 48 cells and a volume of 3.5 3 10 5 lm 3 , was male, and displayed 70% hypermethylation on the H19 paternal allele and biallelic H19 expression with 19% activation from the normal silent paternal allele.
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cytosines. Sequences with less than 85% conversion rates were not included to ensure that unconverted Cs were due to methylation and not simply a deficiency in bisulfite conversion. Identical clones (identical location and number of unconverted CpG-associated cytosines and identical location and number of unconverted non-CpG-associated cytosines) were included only once. Multiple polymorphisms present between B6 and CAST sequences at each region analyzed allowed discrimination between parental alleles. Hypermethylation of a DNA strand was defined as .50% methylated CpGs on a given strand.
Cdkn1c Imprinted Expression Analysis
The analysis of imprinted Cdkn1c expression was performed using the cDNA library generated for each embryo. PCR primers and parameters can be found in Table 1 .
Amplification was tested using SYBR green to allow determination of the range of cycles located in log-phase amplification. PCR on subsequent embryos was performed to ensure that amplification was log-phase upon completion of the PCR program. Following amplification, the embryos were digested with the TaqaI restriction enzyme to determine allelic identity [9] . The B6 allele is cleaved into 306-and 58-bp fragments, while the CAST allele is cut into 257-, 58-, and 49-bp fragments. Densitometry was performed using the Opticon Monitor software (BioRad).
Sex Determination in Individual Embryos
The cDNA library generated for each embryo was used for the analysis of embryo sex. Two PCR reactions were performed for each embryo. The first was a nested PCR for the Sry gene that is located on the Y chromosome, and second was amplification of Xist, a gene located on the X chromosome (Table  1) . Samples were visualized with gel electrophoresis on a 12% acrylamide gel. The presence of Sry and Xist amplicons indicated a male embryo, while amplification of Xist alone indicated a female embryo (Fig. 1B) . Nested PCR for Sry was performed in duplicate.
Expression Analysis of Atp1a1, Slc2a1, and Mapk14
The evaluation of Atp1a1, Slc2a1, and Mapk14 expression was performed using the cDNA library generated for each embryo, with mitochondrial ribosomal protein L1 (Mrpl1) serving as the internal control. Primers and PCR parameters can be found in Table 1 . Second strand synthesis was performed using the forward primers of both Mrpl1 and the gene of interest, and amplification products were then split into separate reactions for RT-PCR for Mrpl1 and the gene of interest. Amplification was performed on biological replicates with SYBR green using the BioRad Opticon Monitor Real Time PCR machine and software. Analysis of RT-PCR was performed using the DDCt method with GeneEx (BioRad) software.
Statistical Analysis
To compare between culture groups and between cultured and in vivo derived embryos, a nested two-factor ANOVA was performed using R [40] . The five groups of embryos were compared with respect to embryo volume; cell number; embryo sex; H19 and Snrpn methylation levels; Snrpn, H19, and Cdkn1c imprinted expression; and Atp1a1, Slc2a1, and Mapk14 expression using the aov (analysis of variance) command. The effect size of each comparison that generated a significant P value was estimated using the lm (linear model) function, setting the intercept of the model at zero. This was used to determine which groups were most similar to in vivo derived embryos. A P value less than 0.05 was taken to be statistically significant.
RESULTS
Effects of Embryo Culture on Blastocyst Cell Number and Volume
The aim of our study was to determine whether any correlation existed between rates of preimplantation embryo development and loss of genomic imprinting. To best evaluate these effects, experiments were done at the individual embryo level because we previously reported significant interembryo variability in response to ARTs [17, 37] and because this is the level of importance in the human ART clinic. As such, we have developed a novel method to evaluate both imprinted methylation and expression of multiple loci in the same individual blastocyst as well as obtain data about cell numbers, embryo volume, and embryo sex. This is the first study of its kind to evaluate multiple parameters to correlate morphological changes with epigenetic changes at the individual embryo level.
On the premise that individual embryos develop at different rates in culture, embryos were separated into four groups based on their stage of development at two predetermined time points during the culture time course (Fig. 1A) . These time points were chosen based on the ability to reproducibly distinguish between fast and slow at each separation. Whitten culture medium was used as we previously determined that culture in Whitten medium as well as HTF and G1.5/G2.5, two media systems used in the human clinic, produced significant perturbations in imprinted methylation [17] ; Whitten medium was thus used as a representative of these media types. It also resulted in a frequency of imprinting defects that would allow us to determine whether a relationship between developmental rates and imprint maintenance existed. Multiple culture time courses were completed and a total of 68 embryos were collected for analysis, 24 FF, 10 FS, 19 SF, and 15 SS. Of these embryos, 47 (16 FF, 9 FS, 10 SF, and 12 SS) were analyzed for each of the following parameters: cell counts, embryo volume, embryo sex, and Snrpn, H19, and Cdkn1c imprinted expression (Fig. 1B) . For the imprinted methylation analysis, 21 embryos were analyzed with 5-6 embryos per culture group. For the SS group, 40% of the embryos were developmentally compromised and arrested before the blastocyst stage (data not shown). For all the groups, only embryos that developed to the blastocyst stage were analyzed.
To determine whether differences existed in the total cell numbers present in each of the four culture groups, embryos were stained with Hoechst 33342, Z-stacks were taken using confocal microscopy, and cells were counted (Figs. 1B and 2A). We observed that on average the FF group contained 74.3 cells, the FS group contained 46.8 cells, the SF group contained 33.9 cells, the SS group contained 25.0, and the in vivo derived group contained 28.3 cells, which was similar to the results in previous studies [1, 38] . To evaluate whether differences in cell number were statistically different between groups, we used a nested two-factor ANOVA to compare the in vivo derived group with the fast (FF and FS) group, the in vivo derived group with the slow (SF and SS) group, and the fast group with the slow group at the first separation, as well as the FF group with the FS group and the SF group with the SS group in the second separation. With respect to the first separation, we observed that in vivo derived embryos contained significantly fewer cells than the fast group but failed to show a difference when compared to the slow group (Fig. 2B and Table 2 ), and that cell numbers present in the fast group was significantly greater than those in the slow group (Fig. 2B and Table 2 ). Therefore, not only was the fast group morphologically more advanced than the slow groups as determined by embryo stage at the time of separation, but the cell cycle progressed more quickly in embryos in the fast group compared to those in the slow group as determined by cell numbers. A statistically significant difference was also observed at the second separation with embryos clustering into three distinct groups (Fig. 2B and Table 2 ). The FF group contained the most cells. The FS group contained fewer than the FF group. The SF, SS, and in vivo derived groups contained fewer cells than the FS group but were indistinguishable from one another. Thus, the SF and SS groups most closely resembled the in vivo derived group.
The total volume of each embryo was also calculated. Mean volumes for the FF group were 6.7 (Fig. 2, A  and C) . As before, a nested two-factor ANOVA was performed to test for differences between embryos in the first and second separations. In vivo derived embryos displayed significantly smaller embryo volumes than the fast group, but significantly larger embryo volumes than the slow group (Fig. 2C) . Fast embryos (FF and FS) also possessed significantly larger volumes than the slow (SF and SS) group. The second (FF versus FS) separation also displayed a significant difference in cell volume with embryo volumes clustering into three separate groups ( Fig.  2C and Table 2 ). The FF embryos displayed the largest embryo volume, followed by in vivo derived embryos, with the three remaining groups displaying smaller embryo volumes (FS, SF, and SS were not significantly different from one another).
Effects of Embryo Culture on Embryo Sex Ratios
It has been suggested that male embryos develop faster than their female counterparts. For human embryos, some studies suggested that male embryos contain a greater number of cells than their female counterparts after in vitro fertilization (IVF) [41] , while others report that this increase in cell number occurs with intracytoplasmic sperm injection and not with IVF alone [42] or vice versa [43] . In the mouse, some studies reported male to female sex ratio differences [44, 45] , while another study reported no difference in embryo sex ratios [46] . In light of the above studies, the possibility existed that rates of development were unrelated to adverse affects of culture but instead were the result of embryo sex. To address this potential bias, a nested PCR was performed for Sry, which is only present in male embryos, while Xist, located on the X chromosome, was used as a PCR control and was detected in both male and female embryos (Fig. 1B) . We observed more male embryos in the fast group (14 males, 11 females) than the slow group (10 males, 12 females) and more males in the FF group (10 males, 6 females) and more female embryos the SS groups (4 males, 8 females) compared to the FS (4 males, 5 females) and SF (6 males, 4 females) groups. These results were not statistically significant. A larger number of embryos will need to be analyzed to confirm these results. At this point, different developmental rates appeared to be unrelated to embryo sex. Furthermore, no correlation was found between embryo sex and the other parameters examined in this study.
Effects of Embryo Culture on Snrpn and H19 Imprinting
To test our hypothesis that slower developing embryos possess greater imprinting defects, we evaluated the ability of LOSS OF IMPRINTING IN FAST DEVELOPING EMBRYOS embryos to maintain genomic imprinting by examining two key loci, Snrpn and H19, in the four groups of cultured embryos. From our previous study [37] , we showed that mean imprinted hypermethylation on the Snrpn maternal ICR in in vivo derived embryos was around 89%, with a threshold of methylation on the Snrpn maternal ICR of 70% hypermethylation. Embryos with hypermethylation levels below 70% were therefore considered to exhibit loss of methylation. For cultured embryos, 8 out of 11 fast embryos (FF and FS, 80%, 75%, 75%, 67%, 63%, 47%, 47%, 45%, 43%, 42%, and 36%) had a loss of maternal Snrpn methylation with a mean hypermethylation level of 56%, and 3 out of 10 slow embryos (SF and SS, 100%, 100%, 100%, 90%, 88%, 78%, 70%, 65%, 62%, and 50%) had lost maternal Snrpn methylation with a mean hypermethylation of 80% (Fig. 3) . At the second division, the FF group displayed loss of methylation in five of six embryos (75%, 63%, 47%, 45%, 42%, and 36%) with a mean hypermethylation of 51%, and the FS group displayed a loss of methylation in three of five embryos (80%, 75%, 67%, 47%, and 43%) with a mean hypermethylation of 62% (Fig. 3) . The SF group displayed loss of methylation in zero of the five embryos tested (100%, 90%, 88%, 78%, and 70%) with a mean MARKET VELKER ET AL.
hypermethylation of 85%, while the SS group displayed a loss of methylation at three of the five embryos (100%, 100%, 65%, 62%, and 50%) with a mean hypermethylation of 75% (Fig. 3) . Overall, in vivo derived embryos [37] displayed higher levels of methylation than fast (FF and FS) embryos, while no difference was observed between in vivo derived controls and the slow (SF and SS) group. The slow group also had significantly higher levels of methylation than the fast group (Fig. 4 and Table 2 ). No difference was observed at the second separation. Thus, the slow group was best able to maintain imprinted methylation.
A similar result was observed at the H19 ICR. In our previous study [37] , we showed that mean imprinted hypermethylation on the H19 paternal ICR in in vivo derived embryos was around 90%, with a threshold of methylation on the H19 paternal ICR of 80% hypermethylation. Embryos with hypermethylation levels below 80% were considered to exhibit loss of methylation. For cultured embryos, 5 out of 10 fast embryos (FF and FS, 100%, 93%, 90%, 81%, 80%, 70%, 67%, 53%, 36%, and 33%) had lost paternal H19 methylation with a mean hypermethylation of 70%, and 4 out of 11 slow embryos (SF and SS, 100%, 100%, 100%, 94%, 91%, 88%, 83%, 78%, 75%, 75%, and 75%) had loss of paternal H19 methylation with a mean hypermethylation of 87% (Fig. 5) . At the second division, the FF group displayed a loss of methylation in three of five embryos (100%, 90%, 67%, 36%, and 33%) with a mean methylation of 65%, while the FS group displayed loss of methylation at only two of five embryos (93%, 81%, 80%, 70%, and 53%) with a mean hypermethylation of 75% (Fig. 5) . Two of six embryos in the SF group displayed loss of methylation (100%, 94%, 91%, 88%, 75%, and 75%), and two of five embryos in the SS group displayed loss of methylation (100%, 100%, 83%, 78%, and 75%) with a mean hypermethylation for both the SF and SS group of 87% (Fig. 5) . Overall, in vivo derived controls displayed higher levels of methylation than the fast embryos, while no difference was observed between in vivo derived embryos and the slow group. The slow groups also possessed significantly higher mean levels of methylation than the fast group (Fig. 4 and Table 2 ). No difference was observed at the second separation. This indicates that the slower developing embryos were better able to maintain H19 imprinted methylation than their fast developing counterparts.
Next, we analyzed Snrpn and H19 imprinted expression in in vitro-cultured and in vivo derived embryos. Similar to previous experiments [16, 17] , no effect on Snrpn imprinted expression was observed; all the embryos displayed paternalspecific Snrpn expression (data not shown). From our previous study, we have shown that in our mouse model H19 is expressed from only a small number of in vivo derived blastocysts (approximately one in nine) [17] . This expression was solely from the maternal allele. Analysis of imprinted H19 expression in the culture groups revealed that 19 out of 25 fast embryos expressed H19 with only nine of these embryos possessing maternal-specific expression, while 7 out of 24 slow embryos expressed H19 with all seven showing exclusive maternal expression (Fig. 6A) . Thus, at the first separation, significantly fewer in vivo derived embryos and significantly fewer slow embryos expressed H19 compared with fast embryos (Table 2 ). No significant difference was observed in the number of embryos with H19 expression between in vivo derived and slow groups. With respect to imprinted expression, fast embryos showed a significantly greater loss of imprinted H19 expression than in vivo derived embryos and slow embryos. By comparison, slow embryos were more similar to in vivo derived controls at maintaining imprinted H19 MARKET VELKER ET AL.
expression. At the second separation, 12 out of 16 embryos exhibited H19 expression in the FF group with only 4 of these embryos maintaining monoallelic H19 expression from the maternal CAST allele (Fig. 6A) . In addition, a significant number of embryos in the FF group displayed a switched expression pattern, where monoallelic expression occurred erroneously from the paternal allele but had not yet been activated from the maternal allele. This was improved in the FS group, where seven of nine embryos exhibited H19 expression with five maintaining imprinted expression, and was further improved in the SF group, where all the embryos displaying H19 expression (6 of 10) did so exclusively from the maternal allele. H19 expression in the SS group was most similar to in vivo derived controls, with 1 of 14 embryos displaying H19 expression, with the sole embryo expressing H19 exclusively from the maternal CAST allele. At the second separation, no significant difference in the number of embryos with H19 expression was observed for FF versus FS groups. However, within the slow group, more embryos in the SF group expressed H19 than the SS group. With respect to imprinted H19 expression, FF embryos showed significantly greater loss of imprinted H19 expression compared with the other groups.
Effects of Embryo Culture on Cdkn1c Imprinted Expression
We also analyzed imprinted expression of a Kcnq1ot1 imprinted domain gene, Cdkn1c, in the four groups of cultured embryos (Fig. 6B) as well as in in vivo derived controls. All the embryos in the FF group showed monoallelic expression, except one embryo, which lacked Cdkn1c expression. Two embryos in the FS group expressed Cdkn1c from both parental alleles, while no embryos exhibited biallelic expression in the SF group. Two embryos in the SS group displayed biallelic expression, and three embryos showed Cdkn1c expression exclusively from the normally silent paternal allele. Overall, no significant difference in imprinted expression was observed at the first separation between the in vivo derived, fast, and slow groups. However, a significantly greater number of slow embryos from the second separation, FS and SS, displayed biallelic Cdkn1c expression compared with the fast FF and SF groups, which were not statistically different from in vivo derived controls (Table 2 ). This result appeared contradictory to the H19 imprinted expression pattern, leading us to question whether the observed data were related to developmental regulation of imprinted Cdkn1c expression rather than misregulation of Cdkn1c imprinting. Because the time course of Cdkn1c imprinted expression had not been fully elucidated in preimplantation embryo stages, we evaluated imprinted Cdkn1c expression in pools of in vivo derived 4-cell, 8-cell, and early morula as well as individual late morula and blastocyst stage embryos (Fig. 6C) . Over this developmental time course, we observed an overall decrease in B6 expression, with 4-and 8-cell embryos displaying nearly equal levels of maternal and paternal expression, and late blastocysts displaying expression exclusively from the maternal allele. These data indicate that cultured embryos in the FS and SS groups displaying biallelic Cdkn1c expression were developmentally delayed compared with embryos in the FF and SF groups.
Effects of Embryo Culture on Metabolic Marker Expression
According to Leese's quiet embryo theory [47] , embryos that are more affected by an in vitro culture environment will compensate by increasing their metabolic activity. We hypothesized that cultured embryos that develop faster and display a more frequent loss of imprinting will also show an increase in metabolic activity. To evaluate this hypothesis, we examined expression of three genes involved in early embryo metabolism: Atp1a1, Slc2a1, and Mapk14. Transcript abundance was examined in 11 FF, 9 FS, 10 SF, and 11 SS blastocysts as well as 5 in vivo derived controls, and the data were analyzed both before and after normalization for cell numbers. This was done to obtain additional information about whether changes in expression were attributed to an overall change in expression or a change in levels of expression per cell, respectively. For Atp1a1, in vivo derived embryos displayed expression levels intermediate to that of fast and slow cultured embryos, with the fast group having significantly higher Atp1a1 expression than the slow group at the first separation ( Fig. 7A and Table 2 ). No significant difference was observed in mean levels of expression at the second separation. Normalization to cell numbers did not reveal any significant differences in expression between groups.
FIG. 4. Graphical representation of
Snrpn and H19 hypermethylation levels in culture groups. Top: maternal Snrpn hypermethylation levels. Bottom: paternal H19 hypermethylation levels. Each diamond represents one embryo, and black bars represent mean hypermethylation levels in fast, slow, fast/fast (FF), fast/slow (FS), slow/fast (SF), and slow/slow (SS) groups. The asterisk (*) in diamonds indicates two to three embryos within the group with the same hypermethylation level.
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FIG. 5. Imprinted methylation analysis of the paternal H19 allele in fast, slow, fast/fast, fast/slow, slow/fast, and slow/slow groups. Mean hypermethylation levels shown in brackets. Each group of circles represents one embryo, with the embryo name indicated in the top left. Percent hypermethylation is indicated in the top middle. Each row represents one DNA strand. Filled circles represent methylated CpG dinucleotides while unfilled circles represent unmethylated CpGs. Only the data for the paternal allele are shown because no difference in the methylation status of the unmethylated maternal H19 allele was observed.
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Slc2a1 and Mapk14 expression were also evaluated in these same embryos. At the first separation, in vivo derived embryos displayed significantly higher Slc2a1 expression levels than the fast and slow groups, both before and after correction for cell numbers ( Table 2 ). The slow group displayed significantly higher levels of Slc2a1 expression than the fast group (Fig. 7B ) following normalization for cell numbers. At the second separation, the Slc2a1 expression analysis revealed three significantly distinct groups: the FF group with the lowest expression, the FS, SF, and SS groups with midlevel expression that was indistinguishable from one another, and in vivo derived embryos with the highest Slc2a1 expression. For Mapk14, while expression levels were higher in the FF group compared with in the other culture groups and in vivo controls, this difference was not statistically significant (Fig.  7C) . As well, no difference between groups after cell number correction was observed.
DISCUSSION
In this study, we set out to determine whether embryos with different developmental rates differed in their ability to maintain genomic imprinting. Contrary to our expectation, we observed that embryos with faster developmental rates possessed greater cell numbers and embryo volumes as well as greater perturbations in genomic imprinting and metabolic marker expression, while slower developing embryos displayed more similar cell numbers and embryo volumes to in vivo derived controls and were better able to maintain genomic imprinting. However, a proportion of the slowest developing embryos were developmentally delayed as determined by Cdkn1c imprinted expression, and 40% were developmentally compromised, arresting prior to the blastocyst stage. Instead, embryos with slow to moderate development rates (SF embryo group) were most similar to in vivo derived embryos, displaying similar cell numbers, embryo volumes, H19 and Snrpn methylation, H19 imprinted expression, Cdkn1c developmentally appropriate imprinted expression, and Atp1a1 and Slc2a1 expression. Importantly, we identified a subset of in vitro cultured embryos that, according to the parameters evaluated in this study, are very similar to in vivo derived embryos.
Our group and others have previously reported that the response of preimplantation embryos to in vitro culture with respect to genomic imprinting is stochastic [9, 16, 17, 48, 49] . Here, we show that this can partly be attributed to a differential response of embryos to culture. Fast developing embryos acquired the greatest perturbations in imprinted gene regulation, linking developmental rates with genomic imprinting errors.
Relationship Between Development Rates, Genomic Imprinting, and Metabolism
In this study, we evaluated maintenance of genomic imprinting at two imprinted loci, Snrpn and H19, which are involved in the development of the imprinting disorders AS and BWS, and correlated loss of imprinting at these genes with rates of preimplantation embryo development. Our data suggests that embryos that develop faster do so at the expense of maintaining epigenetic regulation. It is currently unclear how embryo culture can lead to alterations in imprinting. One possibility is that culture conditions interfere with epigenetic maintenance mechanisms, and this in turn deregulates the embryo's growth kinetics. We observed that faster developing embryos were more advanced morphologically but had a shorter cell division cycle given the greater number of cells. On the other hand, slow embryos maintained rates of cell division similar to in vivo derived embryos, given similar cell numbers. Alternatively, developmental rates and epigenetic gene regulation may be intimately linked. We postulated that both may be perturbed by changes in the metabolism of the early embryo.
To further investigate this, we examined Slc2a1 expression. SLC2A1 is one of the primary glucose transporters in the preimplantation embryo. Prior to compaction, SLC2A1 is primarily localized to the nucleoli and nuclear membranes. Postcompaction, Slc2a1 mRNA and protein levels increase dramatically [50, 51] . SLC2A1 translocates to the basolateral membrane of trophectoderm (TE) cells and the plasma membrane of inner cell mass (ICM) cells [52] , permitting shuttling of glucose from the blastocoel cavity to ICM cells. This differential localization of SLC2A1 coincides with the switch of energy preferences in the developing embryo from precompaction utilization of pyruvate to postcompaction utilization of glucose. Previous analyses have shown that in comparison to in vivo derived embryos, Slc2a1 mRNA expression and protein levels are significantly lower in in vitro cultured embryos [50, 51, 53, 54] . In our study, we also found lower levels of Slc2a1 expression in culture embryos compared to in vivo derived controls. Interestingly, fast embryos, for the most part, failed to upregulate Slc2a1 expression, displaying significantly lower Slc2a1 expression levels than their slow counterparts when corrected for cell numbers. In the fast embryos, an inadequate increase in Slc2a1 expression may result in decreased availability of glucose. These embryos would then be required to switch their metabolism to utilize alternate means of ATP generation such as amino acid catabolism (for gluconeogenesis) and beta oxidation of fatty acids [55] . Inadequate ATP generation could lead to compromised cellular functions, including epigenetic regulation of genomic imprinting [56] . Perhaps this is not surprising as all known chromatin-remodeling complexes are powered by an ATPase subunit [56] .
Changes in Slc2a1 expression in the faster developing embryos suggest that the metabolism of these embryos is altered compared to in vivo derived controls. We observed that FF embryos had significantly larger embryo volumes than in vivo controls and the other three culture groups. During preimplantation development, the total volume of the embryo remains relatively constant, while the number of cells increases as development proceeds [57] . This change in embryo volume raises the question as to what metabolic mechanisms could lead to a difference in embryo volume for the FF group. Two possible explanations are an increase in cell volume or an increase in blastocoel cavity volume. An increase in cell volume may occur in response to cell stress and its effect on intracellular osmotic pressure [58] . One mediator of environmental stress is MAPK14, which regulates embryonic adaptations to culture, including culture medium osmolarity [32, 33, 59, 60] . As FF embryos may respond to environmental stress via MAPK14 with the end result of producing larger cells, we investigated Mapk14 expression in the five embryo groups. Our analysis showed no difference in Mapk14 expression between the four culture groups and in vivo controls, indicating that variations in cell volume do not likely account for the differences in blastocyst volume that we observed. MAPK14 levels and its posttranslationally modified forms need to be investigated to confirm this observation.
Alternatively, larger embryo volumes in the FF group may be a result of larger cavity volumes. Trophectoderm cells produce a blastocoel cavity through the use of the Na þ /K þ ATPase, which generates an ionic gradient across the TE, facilitating movement of water from the outside environment to the inside of the embryo [61, 62] . Embryos that contain more TE cells will have greater Na þ /K þ ATPase levels and greater influx of water into the blastocoel cavity, producing a larger cavity. Our results favor this latter hypothesis because we observed higher Atp1a1 expression levels in the fast group when compared to the slow group. In addition, this increase in Atp1a1 expression was a function of cell number because no difference in expression was observed when corrected for the number of cells. Since a large proportion of ATP generated in the developing blastocyst is utilized by Na
þ ATPase activity in FF embryos may reduce the ATP pool available for other cellular activities in these embryos, thereby compromising epigenetic gene regulation.
Taken together, the metabolic activity of slow embryos is more similar to in vivo derived embryos, while fast embryos adapt as demonstrated by increased cell number, larger embryo volumes, increased Atp1a1 expression, and decreased Slc2a1 expression. Thus, altered epigenetic reprogramming in fast embryos with greater imprinting defects may be the result of metabolic compensation to the in vitro culture environment. Thus, our data lend support to the quiet embryo hypothesis espoused by Leese and colleagues. This hypothesis suggests that the most viable embryos are quiet, exhibiting lower levels of metabolic activity, expending less energy repairing damage caused by the suboptimal culture environment, and possessing slower cell division cycles [47, [63] [64] [65] [66] . In contrast, embryos that actively adapt to culture will possess higher metabolic levels and faster cell cycle divisions. Our study is the first to demonstrate a link between metabolism, developmental rates/ cell division cycles, and genomic imprinting. To explore this link further, future studies should be directed toward the analysis of ATP-driven metabolic factors and epigenetic regulators in fast and slow developing embryos.
LOSS OF IMPRINTING IN FAST DEVELOPING EMBRYOS
The Best Embryos for Transfer
The term ARTs encompasses many techniques used to treat human infertility. However, all involve the manipulation of human gametes and preimplantation embryos, and many involve embryo culture during preimplantation development. While the optimal time and number of embryos to transfer after in vitro fertilization and culture has been a source of debate, all are in agreement that, given a choice, only the best or healthiest embryos should be transferred [67] [68] [69] [70] [71] . Many algorithms have attempted to determine the parameters that most accurately predict successful embryo transfer resulting in implantation and pregnancy [72, 73] . Currently, morphological characteristics and stage of embryo development at a given time point are the most commonly used criteria for identifying healthy embryos for transfer to patients in IVF clinics [74, 75] . Multiple studies have suggested that those embryos attaining the 4-cell stage (cleavage-stage transfer) or the blastocyst stage (blastocyst transfer) the fastest are most suitable for embryo transfer [67] [68] [69] [70] [71] [76] [77] [78] . However, other studies have suggested that embryos progressing at a moderate pace are those that should be used and have cautioned against the use of embryos with very fast or very slow development [79] [80] [81] . Previously, the relevance of these criteria to the maintenance of genomic imprinting was unknown. The results from this study also argue against transfer of the fast-developing embryos because the fast group was most different from in vivo controls in all the tested parameters, except possibly embryo sex (Table 2) . We propose that embryos that undergo reprogramming to counter the stresses of suboptimal culture are the least healthy for embryo transfer. Given that embryos in the fast group differed significantly from slow embryos in their ability to maintain genomic imprinting, the response to culture stress must occur prior to the first separation at the 8-cell stage. Recently, time-lapse analysis of human preimplantation embryos revealed that optimal development to the blastocyst stage is determined within the first three mitoses as an embryo proceeds from the 1-cell to 4-cell stage, indicating that success in part is due to maternally stored transcripts [82] . This suggests that the length of time taken for a 2-cell embryo to become a 4-cell embryo may have significant bearing on subsequent developmental rates and imprint maintenance. Embryos transiting rapidly through the 3-cell stage may have inadequate time for maternal derived factors to ensure faithful inheritance of epigenetic information, while those embryos that stall during early cleavage division may be developmentally delayed and compromised. Overall, our results support the transfer of embryos displaying slow rates of development as one step toward choosing a healthier embryo. Having said this, we argue against the slowest (SS) developing embryos (i.e., containing less than stage-appropriate cell numbers) for cleavage-stage transfers because 40% of embryos in this group failed to develop to the blastocyst stage after 3 days in culture. For blastocyst transfers, embryos in the SF group are most suitable for embryo transfer, being most similar to in vivo derived controls. Developing noninvasive methods to more easily identify SF-developing embryos in the human clinic will be critical to choosing the best or healthiest embryos for transfer.
